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1. INTROI)UCTION.

.•A p~rojecti.1e is subjected during the first few milliseconds of free,
light to a high pressure jet flow from the muzzle. Assessment of the

projectile's behavior in this environment requires an accurate descrip-
tion of the jet which is typically provided by theoretical calculations.
Their accuracy depends among other things on the accuracy of the assuned'
boundary conditions, i.e., of the conditions in the flow through the muz-
zle of the weapon. Therefore, one is interested to assess the accuracy
of theoretically predicted muzzle flows. Such detailed predictions are rou-
tinely provided by mathematical models of the interior ballistics. Ex-
perimental determination of the flow is, on the other haud, technically
difficult and is usually limited to a measurement of the projectile's
velocity and to pressure measurements in the gun tube near the muzzle.
ThC measurements do not determine the gas flow complttcly. Thus, differ-
ent computer models of interior ballistics may predict muzzle velocities
and pressures which are in agreement with observations, but postulate
at the :anc time significantly different temperatures and densities.
Independent measurement of temperatures and densities iii muzzle flows
"are therefore of great interest theoretically as well as for practical
reasons. . - - - ::--"- -.--.- -,

In a recent BRI. Report [1) 13. hi. Schmidt, et al, have described a
Snew;, temperature measuring technique which is designed to measure the
initial temperature in the gas efflux. The technique is ba.sed on a mea-
surement of sound -.pecd in the gas and a subsequent calculation of the
temperature from the sound speed. We shall give in Section 2 of t"is
report a short description of the technique.

Measureinents of temperature constitute a new data source (in addition
to pressure measurements) for the validation of interior ballistics cal-
culations. In order to use the observations for this purpose, one has

* to know their accuracies. In this report, we shall investigate the in-
trinsic accuracy of the temperature measurement technique. The partic-
ular goal of the investigation is to find quantitative limits within

E.. M. Schmidt, L. F. Gion and D. 1. Shear, "Acoustic Thermometric Mea-
surements of Propellant Gas Temperatures in Guns"; BRL Report No. 1919,
August 1976. (AD PAO30359)
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I

which the temperature measurements should agree with temperatures pre-
dicted by interior ballistics calculations of the same event.

The accuracies of the temperature measurements are affected by
three sources of errors. -:--• --

First, one has a limited observational accuracy which produces a
computed sound speed with an error margin. This error propagates
through subsequent calculations and prodnces a corresponding error mar-
gin for the temperature. An investigation of this error is done in Sec-
tion 3, and it is based on variance propagation formulas.

Second the measurement technique possesses an intrinsic averaging
property due to the finite size of the measurement apparatuF. A conse-
quence of this property is that the recorded temperature is not the in-
stantaneuuts initial temperature in the gas offlux, hut an average tern-
perature for th- first few milliseconds of the flow. Therefore, short
duration tem'perature excursions (predicled by some mathematical models
of interior ballistics) might not be detectable by the apparatus. A
-quantitative investigation of the averaging property of the technique is
done in Sections 4 and S. In Section 4 we describe typical theoretical- --
ly calculated interior ballistics flows, and in Section 5 we simulate " -
and analyze the response of the measurement apparatus to the calculated
flows.

A third source of error is the approximate nature of the equation
of state which providcs the relation between sound , peed and temperature.
An investir~ation of this systematic error source requires an analysis

cf the physical properties of the combustion products, and it will not
be pursued here. We notice, however, that for a comparison of tempera-
ture measurements of a real firing with interior ballistics calculations
this error source is not important, because it affects measurements and
calculations in the same way. The calculations depend, on the otner
hand, also on many other assumptions about the properties of the gas
flow and propellant. Therefore, if discrepancies between mcastiremcnts
and calculations exist and are larger than can be caused by the first
two error sources, then one can conclude that the mathematical model
of The Ilow . is Ina•._at.. in an analysis of the response of the appa-.-
ratus to theoretical flows, errors from the third source zj'r hot exist-

.ext, because for theoretical flows the equation of state is given by
definition. I

In Section 6 of the report we summarize the conclusions which cani
be drawn from the simulated response of the apparatus and give quantita-
tive limits for application of the measurement technique.

ik-
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2. THIE ACOUSTIC TEIMPERATURE MIFASURiMNViNT TIECItNIQUli.

.... .. Technical details of the acoustic temperature measurement technique
and some ty)pical results are given in Reference 1. In this report we - "
shall pre,,ent only a short outline of the method.

The apparatus is designed to measure Luic sound speed c [mis] in the
gas behind the projectile. Assuming that the gas is adequately described
by an ideal gas equation, one can compute the gas temperature T[K] from __
the sound speed by

2I 2

T Mc-/(YR) = c Tfa/(gf), (1)(07

uhero Nitkg/mol] is the molar mass of the gas, y is the ratio of its spc-

cific heats, R = 8.31431J K" Iemol" I is the universal gas constant,
TfIame[K] is the isochoric flame temperature of the propellant which

drives the projectile, g = 9.80655[m/s-] is the standard acceleration,
and fi[m) is the explosive "force" of the propellant.

The scund s,,,d c is obtained by subtracting from the projectile's
muzzle velocity u1 the velocity ur of the rarefaction wawv, Which

travels upstream into the barrel after the projectile has cleared the
muzzle, i.e., by

C =uN - u (2)

The setup of the apparatus for the measurement of uN and U, is shliow

schematically in Figure 1. The muzzle velocity UM, is obtained from

X-rays of the projectile outside the weapon. Thie velocity ur of tho rate-

faction wave is determined from pressure traces which are produced by two
or more pressure gages in the barrel.

Let Lx = xR xA be the distance between the first and the last

pressure gage (Figure 1). Then the sound speed c can be computed by

i= Ax

Ax (3)tB - tA

t-

I
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I 1igure 1. Schematic of the Acoustic Temperature measurement Techniquep.
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ifC one assumes that the characteri stic AMII in Fi gurc 1 is straight and
the particle velocity is equal to Uthroughout thle muzzle. region.

Typical pressure. histories at the gages are shown in Fig. 2. They
were compuitcd using a mathematical model [2,3) of the interior ballis-
tics and they- agree qualitatively with prestaire traces actually obsorved
and reproduced ini Reference 1, The arrival of' the rarefact ion wave Cor-
responds to )gradient discontinuity in the pressure traces and the arri- '

-~ val times can be determined by visual inspection of photographs of the
traces,

The simple formnula (3) for the sound speed is exact it' all flow
propert ies within the area A13MIT of Figure I are uni form. Making othe~r
assumiptions about the flow, on~e can derive other formul ps for the sound
speed. T'hus, a~ssuming in ABDCX i sontropy and ad akllahatiCzepnin but

periitt ng t e. pr -ue to be variable, the following corrected formula

is derived in Reference 1:

CD~ ~M tB -tA)

In e. () ,c ad p) are the sound speed and pressulre, res-peeti vul,In q.(4 , p 11
at no0de 1) 01' Figux and At =t A -t b lcintegral in eq. (4) is

a I ino integral along thle path 11A\ of the rarefaction wave. If the pres-
sure p -'!p,) along the path, then eq. (4) reduces to eq. (3) . One can

see from F~iguire 2 that generally p/p. < 1 along the integration path

and, thecrefore) C[) computed with eq. (4) is smnaller than the sound speed

computed with eq. (S) . TIhe integral in eq. (4) can be evaluated numeri-
cal1ly using prossllres which are provi ded hy pressuiie gages betweerl thle
oxtremo gages. The apparaitus described in Reference I had three gages,
located at 25mm, 501Mm alnd 75mm from the mu.-zzle of a 2-0mm cannon. ThilS
num1Tber Of gapes is sufficient for the numerical quadrature because the.
plesur'o varies smoothly alulig thc integray-Lt ion plath and, i n add iti On,
the pressure exponunt (y - 1)12-, is very sinal i (typically about 0.1).

'A. K. It. Celmin§7, "The~retical Basis of the Recoille:s Rifle Interior
Ballistics Cod, RECRIF", BRL Report No. 1931, September 1976. (Al) tP01,38521)

3 A . K~. R. Celmi iý, "RECR1IF Users' Manual", BRL. Memorandum Report 209'p
October 1976.
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3. STANDARD OBSURVATIONA, EiRRORS.

The principal idea of the acoustic temperature measurement techniquc
is to measure the sound speed c and to compute the cor esponding tem-
perature T by eq. (1). Because T is proportional to c , the relative
standard error of T is twice the relative standard error of c:

e / =V 2 't:/C.()

Eq, (5) provides an estimate of e from estimates of ce.

1< The standard error c of the sound speed depends on the obser-

vational errors as well as on the formula which is used to compute c.
Ihe simple formula (.1) has a smaller standard error than eq. (4) because
it depends on lesser mcasurements. The difference between the accuracies
of both equations is small, iowever, because the additional observations
(pressure) enter eq. (4) with a very small exponent. We shall, there-
fore, restrict our analysis to eq. (3).

For the purpose of error analysis one can consider the following - j
quantities as directly and independently observable; the muzzle veloc-
it),y u, the arrival times of the rarefaction wave, tAand tB, and the

distance Ax between the pressure gages. The law of error propagation,
(,R- n'o 4) annied to eq. (3), then furnishes a formula for the stan-
dard error of the sound speed in lerms of the standard errors e._, e
and e of the observables. The formula is

where At - The relative standard error of ihc soun(d speed is
A Bi

tt

x.--£ +2 2 (
c c VAm

In order to get an idea about the relative importance of the various
_terrn in eq. (7), we substitute typ•ical values into the equation. The
ratio uý,/c is the Mach number of the flow. In the examples in this

report it varies between 0.2 and 0.8.

W. L. Demming, Statistical Adjustment of Data, j. Wiley F Sons, New
Yorl,, NY, 1944.

L 13
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In practical applications the Mach number will be limited probably to
values below 0.6 because for larger values the rarefaction wave is dif-
ficult to detect from the pressure traces. As a convenient typicil ave-
rage one might assume u./c ; 0.5. The values of ex/tX and eu/u 1  ,e

assume to be of the order 0.01. With these assumptio s eq. (7) simpli-
fies to

e 0.7 + (8)

The standard error ct of the time readings increases with the muz-

zle velocity because the rarefaction wave is less pronounced in pressure
-traces for higher velocities. The deterioration of time readings is corn-
pensated to some extent by an increase of At with increasing uM. Por a

~,zch number - 0.3 one finds from Figure 7 of Reference 1 that At - 0.1
ms and e /At - 0.1. or larger. This shows that in eq. (7) or (8) the

-time reading inaccuracies dominate over all other cerms, The relative
standard error of the sound speed is with these assumptions about 7%.
The corresponding relative standard error of the temperature is about
14%. This value agrees in the order of magnitude with the scatter of
about 10' of observed temperatures shown in Figure 12 of Reference 1.
Our analysis shows that a scatter of this mragnitude can be ex-
plained by inaccuracies vf time readings. It is also evi'-nt that, in I

order to improve the overall accuracy of the t, imioiqu, )ne 'has to im
prove in the first. place the accuracies of the rarefaction wave's arri-
val time measurements.

"The above consideration is• restricted to random observational errors.
In addition to these, one has systematic errors, intrinsic to the tech-
nique. We shall analyze some of the systematic errors in the next
sections.

4. Tfli;OR'TICAL TFST CASYS.

Reference 1 describes tests of the acoustic temperature measurement
technique on a 20mm cannon. The tests were carried out tor muzzle veloc-
ities betwcen 265 m/s and 910 m/s. The variation of the muzzle velocity
was achieved by a variation of the amount of propellant which was used
for the firing of the weapon.

I!n this report we chose an identical arrangement for the generation
of theoretical test cases. The interior ballistics were computed using
the computer code RECRIF [2,?,]. The code was slightly modified for the
present purposes to allow aa explicit tracing of the rarefaction wave
and to permit a better definition of the flow within the expansion fanS~region. The in~put parameters for the calculations are listed in "[able 1,

14
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temperature difference between the nodes C and A is 60K or 3%, i.e.,
well below the standard observational error. In the case shown in Fig-
ure 6 the difference is about 1000K or 30% of the initial muzzle flow

....- temperature. One can expect a strong averaging effect by the acoustic
measurement technique in this case.............. " . -

The temperature measurement technique breaks down at about 900 m/s
for the weapon type considered here. This limit is reported in Ref-
erence 1 and it is caused by difficulties to detect the rarefaction wave
in pressure traces from high velocity firings. Figure 7 shows a thee-
retical example of such a pressure trace. The gradient discontinuity
at the node B in Pigure 7 is barely visible. The reduction of the dis-
continuity is caused by changes of the characteristics' slope with .
increasing flow velocily. Figure 8 shows characteristic curves in a
case with moderate muzzle velocity and Figure 9 shows corresponding
curves for a high muzzle velocity. As the Mach number of the flow
approaches oe, the angles of intersection between the rarefaction wave
(a (u-c) characteristic/and the gage lines x = const. become more acute.
Consequently, the corresponding gradient discontinuities in the pressure

-traces become less pronounced. A theoretical limit of the method is
given by a still higher muzzle velocity at which the rarefaction wave is
swept out through the muzzle before it reaches the pressure gages. In
the present example this occurs for a nuzzle velocity of about 1160 n/s.

We reiterate that the described flow properties are based on one-
dimensional mathematical modeling of the flow. Experimental verifi-
cations of the dtails do not exist ai-d one application of the acoustic
temperature measurements could be to provi.de such a verification or
a rejection of the theory.

S. SIMUIATIi.) RESPONSE OF TIIE APP.wRATU TO TIIEOR17TICAL MUZZLE FLOWS.

The response of an acoustic temperature measurement apparatus to
theoretically computed muzzle flows can be simulated as follows. First,
one obtains from the computed flow accurate "readings" of the arrival
times of the rardfaction wave at tie pressure gage locations. The time
readings are -substituted in eq. (3) to compute the sound speed, and the
t temperature is computed using eq. (1). The corrected sound speed which
is given b) eq. (4) can be computed using prcsstires along the integra-
tion path, In the present examples, the integral in eq. (4) was calcu-
lated by a trapezoidal formula using pressure readings at six pressure
gage locations at 12.5mm intervals.

The results of the calculations are shown'in Figure 10. The extreme
curves in the figure are those of the temperatures T and TA at the

nodes I) and A of Figure 1, respectively. The temperature at the muzzle
node M is practically equal to TD. The difference between TV and TA

20
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is quite remarkable in cases with high muzzle velocity'. For mu'Zzle
"Avelcte vr60ms it is larger than 1000K. Tile acoustic tew-

perature measuirement technique produces a temperature between T Dand
TA , s expocted. Somewhat. unexpected is, thle large effect of the

isentropic correct ion of the temperature by eq, (4). In thle p~resent
examples- the temperature computed with eq. (4) is mu1Lch closer to T Athanl

to T .The intent of the measurement is to obtain a value for T

(or 1M1 Obviously, thle simpler eq. (3) ib preforable to eq~. (4) for

this purlpose.. The reason for the fai lure of eq. (4) to improve the
temperature is that it is based onl assumptions ahout f low properties
whichi are not met by the computed flow, i.e. , by the solution of the
one0-dimensional flow equations.

Figure 10 s;how,, that the acoustic measurement technique batsed onl
.eq. (3) is applicable to flows with muzzle velocity of about SOO
-M/s or less. At 500 ni/s the systematic differene between T D and the

measured temperature approaches thle magnitude of the observazional T"
errors. An extensi on cf thle methodl to coses with hi gher mnuzzle veloci -

ties requires a better definition of the rarefaction wave front. If
eq. (3) is used, then one makes the implicit a.-sum]-tion that the wave
front is a straigh~t line in the x,t--2lane., Tie inverse slope of that
l ine is used in eq. (A) as an approximation of the rarefacti on wave
velocity. An inspection, of Figures 8 and 9 suggest,; that tli, w.,ave front
can be better -pproxiwated by a third degree polynomial in t. However,
in order to detormine, !uch) a curve one needs, more than the three nodes
corresponding to tile chree pressure gages of the experiment. Thcrefore,
we assume that the device co-isists of an -array of six gages, located at
I 2.5mm intervals. (Such a device has beenl also tested at 13RL.) Then
the task is to fit a third deZ"'ic polynorrial to six uncles or to seven
node,; if thle muzzle time is included as a seventhi observati on,

Let x. be the distanc-es of the six pressure ga',,.s fromn thle muzzle
and ! be 'tile corresponding ar~rival times of the ra'refaction wave. T],cwi
thle constraints for the curve titting pi-oblcmr ire

i+ U M (t~ - tM + )2 (t1 - t M)2 + U.;(t~ -i , 0,

i 1, 2, o .

The problem has four parameters, namely Ut, t 1 U2 and U If thle mu:-

zie time is used as a seventh observation then ',he constraint foi it
is simply

26 I



t 0
I

St~7 m .

-~ -- After the adjustment the rarefaction wave front x (t), and its veloc-
ity u (t) can be computed by . - ..-- --1-

r xx(t) = )I#UNI(t-tM) + tJ2 (t~t-M) +. Y3 t.-' )3(1)

and

A r(t) = 'm + 2U2 (t-t ) + 3U3 (t-tM)2 (12) . -

At the muzzle the wave has the velocity

U, (13)

S----;. -and the corresponding temperature is

2ý, Tf .. J~TT= (uNM U) 2Tf ame/(gf),. '- 4) -. Ii

One can also compute the temperature atong the rarefactio.1 wave by

•rTt) particle - Ur(t) T gf)l (15)

provided that the particle velocity Uparticle is known. That velocity f

is generally not constant in the muzzle region, as Figure 1] s' •ws.
Only in cases with low muzzle velocities the particle velocity ca, be
approximated by the muzzle velocity uM, Thesc are the same cases where

the temperature is approximately constant within the muzzle region.
Thercfore, eq. (15) is useless for practical applications and we
restrict ourselves to the computation of the muzzle temperature TM by
eq. (14).

The data fittings were carried out using the theoretical data and
SassumigI, the same estimates of observational errors as in Section 3,

ct 0.m1 s,

Cx 0. 1 ni,, (16)

eC%¶ 0.(;1 u.•.
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then one sjhould keep in mind the po:sibilitY of a systematic error due

{ *---- to an approximate equation of state.

The standard error of the measurL-' temperature can be reduced sig-

nificantly by increasing the accuracies of the readings of the rare-

faction wave's arrival times. A limited reduction of standard observa-

tional errors of the temperature could be achieved by maKing measure-

nments of repeated identical firings.

A reduction ot the avLiugi19 effect of the technique is possible by

increasing the number of pressure gages and using a higher ord(r ap•ox5..-

mation for the rarefaction wave front. This approach should be used
F judiciously because it increases the sensitivity of the temperature to

obscrw-tional 
errors. 

--- .- .
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